A spatially reversible and programmable piezoelectric metamaterial concept is introduced for the manipulation of surface acoustic waves to achieve on-demand wave mode conversion and reflection. The concept uses an array of inductive-shunted piezoelectric elements (with gradually varying inductors in space) attached to the surface of an elastic propagation domain. The value of each inductor directly controls the phase velocity of the Rayleigh wave locally as quantified through unit cell band diagram analysis that guides the design process. By varying the spatial inductance distribution, the proposed piezoelectric metamaterial domain can be programed to convert incident surface waves into bulk shear waves or reflect them completely. The location of surface-to-bulk wave mode conversion or wave reflection can be tailored by means of the inductance distribution, and the directional behavior in space can be reversed. The proposed concept may enable novel surface acoustic wave devices and filters, via digital or analog programmable shunt circuits.
waves. Through the careful design of these engineered materials, wave propagation characteristics can be tailored with capabilities spanning from bandgap formation 2, 3, [9] [10] [11] [12] to wave focusing, 7, 8, 13, 14 among others. These design concepts have also been applied to large scale problems such as seismic and vibration isolation [15] [16] [17] as well as small scale applications in surface acoustic wave (SAW) devices. 9, [18] [19] [20] Bandgap formation for elastic/acoustic waves can be achieved via phononic crystals 21, 22 or locally resonant inclusions, [23] [24] [25] and, in some cases, using both approaches. 26, 27 Several structures have been proposed to manipulate surface waves, such as periodic holes, 3, 9, 10, 12, 28 hard cylinders or spheres buried in a softer background near the surface, 29, 30 resonant pillars, rods, or stubs mounted on the free surface, 11, 17, 26, 31, 32 and buried resonators. 15, 16 The inclusion properties can also be varied gradually to achieve a spatial change in the effective material properties for surface wave steering. 14, 33 Such gradient-index metamaterials have also been used to convert Rayleigh waves into bulk waves. Colombi et al. 17, 32 proposed a resonant metawedge by placing trees on the ground with gradually increasing heights, which correspond to their decreasing resonance frequencies and therefore the formation of attenuation bands at lower frequencies. The resonant metawedge was able to reflect Rayleigh waves arriving from the side of shorter trees, while it was able to convert these waves into bulk waves if they arrived from the side of taller trees. Later, they experimentally validated this concept using a small scale model for ultrasonic frequencies. 34 In parallel to these efforts, several methods have been explored to tune surface wave propagation characteristics of metamaterials. This includes using temperature control to actively steer and focus surface waves, 35 acoustoelectric interactions to tune defect modes for filtering applications, 36 and magnetic modulation to tune contact resonances of metallic beads. 37 The aforementioned tree-based metawedge concept for wave mode conversion and bandgap formation can be scaled down and made programmable for SAW applications, and piezoelectric materials are well suited for that purpose. In the following, we explore piezoelectric-based implementation of wave mode conversion in a programmable domain with simple circuitry, which may offer new opportunities in surface wave control and redirection.
The programmable metamaterial domain proposed in this work consists of an array of piezoelectric elements (unit cells) mounted on a homogeneous elastic substrate as shown in Fig. 1(a) . Each piezoelectric element is shunted to an inductor that shapes the dynamics (i.e., dispersion behavior) of the respective unit cell in the frequency neighborhood of interest. This structure can be programed to let the incident surface wave propagate uninterrupted, convert them to shear waves [ Fig. 1(b) ], or reflect them completely [ Fig. 1(c) ].
Spatial distribution of inductance values for the type of wave redirection (e.g., mode conversion or reflection) is based on a unit cell band diagram analysis. In the specific case study of this work (that is focused on concept demonstration with representative results), each unit cell [ Fig. 1(a) ] consists of a piezoelectric element of height h r ¼ 2 mm, thickness t r ¼ 1.5 mm, and width w r ¼ 72 mm and is made of a piezoelectric material with surface electrodes perpendicular to the poling direction as shown in the figure. PZT-5H is used here as a commonly available option. The resonators are attached onto a homogeneous and isotropic elastic wave propagation domain, i.e., substrate (aluminum in this work). The lattice parameter of resonator periodicity in the direction of wave propagation is a ¼ 3.6 mm. The band diagram for a piezoelectric element (with its surface electrodes shorted) and sufficiently deep aluminum domain is plotted in Fig. 2 (a). The diagram was obtained by constructing a piezoelectric-elastic finite element model of the unit cell shown in Fig. 1 (a) coupled with the electrical circuit module using COMSOL Multiphysics. The dashed lines indicate Rayleigh, shear, and pressure waves of the homogeneous substrate away from the metamaterial. The shear wave line of the substrate divides the band diagram into two regions: the bulk wave domain which corresponds to the region above the shear wave line and the surface wave domain below the shear wave line. The presence of the periodic piezoelectric elements at the surface of the substrate introduces a surface wave bandgap around a select target (design) frequency. The range of the bandgap frequency is determined by the geometry of the piezoelectric elements. Importantly, by connecting an inductor across the surface electrodes of the piezoelectric unit cell, a propagation mode can be introduced inside this bandgap, as shown in Fig. 2(b) . For a target frequency f (in Hz) in this propagation band, the phase velocity c of the resulting surface wave is
where k is the wavenumber. The propagation mode frequency range is roughly controlled by the following relation:
where L is the shunt inductance, C p is the capacitance of the piezoelectric element, and f e is the electrical resonance frequency. The estimated value from Eq. (2) is useful for analytical insight and is approximate due to the two-way electromechanical coupling between the electrical circuit, piezoelectric element, and substrate. 38 As can be expected, a higher value of inductance results in lower electrical resonance frequency, which shifts the propagation band accordingly as shown in Fig. 3(a) . This results in a lower surface wave phase velocity as the intersection between the horizontal target frequency line and the propagation band occurs at a higher wavenumber (here, 250 kHz is used as the target frequency). At the target frequency, the relationship between the phase velocity and the inductance value is shown in Fig. 3(b) . For the investigated configuration, surface wave propagation is only possible for inductance values between 0.24 mH and 0.44 mH. The surface wave phase velocity matches the Rayleigh wave velocity of the substrate for a 0.275 mH inductor. Starting from this value and decreasing the inductance increases the surface wave phase velocity up to the value of shear wave velocity, yielding the conversion of incident surface waves into shear waves propagating into the substrate. On the other hand, starting with the same inductor and increasing the value of the inductance reduces the surface wave velocity until the wave enters the bandgap, and a total reflection is observed. These are the two fundamental mechanisms to program the unit cells of the proposed metamaterial domain for wave mode conversion and reflection at a desired position in space.
The aforementioned substantial control over the effective surface wave velocity for a unit cell enables strong manipulation of surface waves incident to an array of these cells that form the programmable metamaterial domain. In order to demonstrate this, we consider an array of 40 piezoelectric elements with identical geometry. The phase velocity for the first element in the array is set to match the Rayleigh wave velocity of the substrate (c R ¼ 2907 m/s) so that the impedance mismatch is minimized. The array can then be programed to achieve mode conversion by gradually changing the inductance value between two consecutive elements to increase the wave speed up to the shear wave speed. The spatial position at which this conversion takes place is controlled by the inductance distribution. Figure 4 (a) (Multimedia view) shows RMS (root mean square) wavefields for three different inductance distribution cases which are displayed in Fig. 4(b) .
Rayleigh waves are incident from the left side of the metamaterial, and low reflecting boundary conditions are used to minimize the reflections at the boundaries of the elastic domain. As can be observed clearly, the proposed concept not only achieves mode conversion but also provides an authority to control its location accurately.
The position of wave mode conversion is mainly controlled by the position of the unit cell (piezoelectric element) whose inductance value is such that the wave speed matches the shear wave speed of the substrate. By shifting this match spatially in Cases 1a, 1 b, and 1c, the location of mode conversion is accurately controlled. It is useful to note that for all three cases in Fig. 4(a) , shear waves exhibit an angle of approximately 69 from the vertical direction (angle of refraction), following Snell's law between the incident and refracted wave speeds, which are the Rayleigh and shear wave speeds, respectively.
A similar spatial control can be achieved for reflecting incident surface waves (at the same frequency) as shown in Fig. 5 (Multimedia view) by reprogramming the metamaterial domain, i.e., by modifying the inductance distribution. The exact position of the reflection is determined by the position of the unit cell at which the bandgap starts. As can be observed in Fig. 5(b) , this match is around the 5th element in case 2a, 15th element in case 2b, and 25th element in case 2c. Therefore, it is possible to modify the proposed piezoelectric metamaterial domain for both wave mode conversion and reflection. It is also attainable to easily reverse the spatial propagation direction for both purposes. It is worth mentioning that, just like in the purely mechanical counterpart of the problem, 16 it is feasible to achieve wave mode conversion with identical resonators (i.e., with identical piezoelectric unit cells of identical inductors), as shown in Fig. 6 . However, this configuration results in an increased reflection due to the sudden transition of the wave into the metamaterial domain rather than the gradual one achieved using varying inductors (cf. Figs. 4 and 6-the color scale is the same). Finally, the number of resonators was chosen to be relatively high in this work merely to show the capability of the spatial position control over mode conversion and reflection in Figs. 4 and 5, respectively. It is possible to realize the resulting behavior with a less number of resonators as shown in Fig. 7 for mode conversion (which applies to bandgap-based reflection as well). In a given application, therefore, to minimize fabrication effort and complexity, one might reduce the number of resonators if the spatial resolution to control wave mode conversion or reflection does not have to be very fine. Below a certain number of resonators, however, the relevant phenomenon (mode conversion or reflection) would cease to exist as observed in locally resonant metamaterials and metastructures. 25, 39 Note that, in Fig. 7 , some of the surface wave energy is already transmitted (leaked) to the other side of the metamaterial domain in the case of 10 resonators, and this leakage increases with the reduced number of resonators.
To conclude, a programmable piezoelectric metamaterial capable of redirecting incident surface acoustic waves is introduced and demonstrated via case studies. Conversion of surface waves into shear waves and reflection of surface waves are demonstrated in detail. The metamaterial domain can be reprogramed not only to switch between these tasks (which can also be spatially reversed) but also to accurately specify the spatial position (of mode conversion or reflection). This fine control on surface wave propagation through simple circuitry may enable opportunities in electromechanical devices based on surface waves (SAW filters, etc.) and other small scale configurations that 
FIG. 7.
Wave mode conversion for different numbers of resonators, including the case with 40 resonators as case 1a in Fig. 4(a) , which was preferred to clearly show the spatial control with a fine resolution (RMS wavefield at 250 kHz). could benefit from tunable and programmable modality. While the current paper is centered on the demonstration of the proposed concept and its basic characteristics, future efforts may explore higher frequency implementation and small scale (MEMS) fabrication of such miniaturized devices with integrated circuits for potential SAW applications, 40 
